Left-handed, circular polarized ULF waves with frequency of 0.3-1.1 Hz were detected by GEOTAIL at 27 lunar radii upstream of the moon when the spacecraft was magnetically connected with the lunar wake. The wave was detected twice at 16:45-17:00 and 18:55-19:02 on October 25, 1994, when the spacecraft and the moon were on the dawn side of the Earth's magnetosphere. The ULF wave was propagating in a direction nearly parallel to the background magnetic field. The observed frequency and polarization are explained by reversal of polarization of right-handed, sunward-propagating electron whistler waves with frequencies above 1.4 Hz in the solar wind frame of reference, which were excited through the interaction with electron beams flowing in anti-sunward direction downstream of the lunar wake. The downstream flow of electron beam is explained by filtering effect of the potential drop at the boundary of the lunar wake. Low-energy components of electrons are reflected back by the potential drop, and the rest components, with energies higher than that of the electric potential penetrate through the wake. The velocity distribution of downstream electrons would be modified to have some bump or shoulder in energy range to form a beam, which is likely to excite whistler mode wave through cyclotron resonance. The lowest energy of the resonant electrons was calculated to be 0.96-2.5 (keV) from the lower boundary of the detected frequency. The variation in the lowest frequency suggests that there are some regions of the lunar wake where potential drop is reduced.
Introduction
The lunar wake is a plasma cavity in the solar wind left on the anti-solar side of the moon as the solar wind particles were absorbed by the body of the moon (Schubert and Lichtenstein, 1974) . The magnetic and plasma fluctuations characteristic of the lunar wake were extensively examined by Explorer 35 (Ness et al., 1968) . The magnitude of the magnetic field was found to increase in the umbra, and an alternating pattern of increase and decrease was observed in the penumbra region. In addition to the magnetic structure, rapid fluctuation in magnetic field was observed in the vicinity of the wake when Explorer was magnetically connected to the lunar wake (Ness and Shatten, 1969) .
The knowledge on the lunar wake has been refined by WIND spacecraft with its high-time resolution magnetic field and plasma experiments. WIND traversed the lunar wake at ∼6.8 lunar radii downstream of the moon and evidenced that the wake extended to that distance . The magnitude of the magnetic field was enhanced in the shadow region and depressed just outside of the shadow. The plasma density was reduced from ambient solar wind value down to 0.5 (cm −3 ) , Bosqued et al., 1996 . Ogilvie et al. (1996) also showed the presence of field-aligned, cold ion beams refilling the lunar cavity, which
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were accelerated by an electric field of the order of 2 × 10 −4 (V/m).
Prior to the entry into the lunar wake, the WIND spacecraft detected precursor ULF waves and energetic electron flows . The ULF activity occurred upstream of the wake on field lines connected to the wake penumbra. The observed frequency ω O BS varied stepwise depending on the abrupt change in the solar wind velocity V SW . Farrell et al. (1996) used a couple of ω O BS corresponding to two different values of V SW to obtain the angular frequency ω −12 (rad s −1 ) and the wave number k 6 × 10 −5 (m −1 ) in the solar wind frame, and concluded that the wave was a whistler mode wave. They estimated the energy of electrons that might be resonant with the whistler mode waves. The energy of the resonant electrons was calculated to be 500-1500 (eV), while simultaneous observation of electrons showed the presence of counterstreaming component at 442 (eV). Thus they suggested that electron beams reflected at the lunar wake were responsible for the generation of the whistler mode waves. Futaana et al. (2001) showed an enhancement of such backstream electrons in a velocity range below 13000 (km s −1 ) which suggests an acceleration of electrons by a potential drop of 475 (V).
In this paper, we report upstream ULF waves of 0.5-1.2 Hz detected by GEOTAIL at 27 lunar radii upstream of the moon on October 25, 1994, when the spacecraft and the moon were both on the dawn side of the Earth's magnetosphere as shown in Fig. 1 . The waves were observed twice at 16:45-17:00 and 18:38-19:02, when the interplanetary magnetic field line connected the moon and the spacecraft. 
Observation
The magnetic field data used in this analysis were obtained by GEOTAIL/MGF instrument (Kokubun et al., 1994) at a sampling rate of 16 vectors/second. The 3 components and the magnitude of the magnetic field were Fourier transformed every 1 minute. Figure 2 shows a dynamic spectrum of the IMF B z component in the GSE coordinate system observed on October 25, 1994. During the period from 16:45 to 17:00, an enhancement of wave activity was found in a frequency range from 0.3 to 1.1 Hz, in addition to the low frequency ( f < 0.3 Hz) wave activities which are often observed in the solar wind. Figure 3 compares the spectra of (a) the magnetic fluctuation in unperturbed solar wind, and (b) the ULF wave activity associated with the lunar wake. The frequency range of the wave activity in Fig. 3(b) shows a clear upper cutoff at 1.1
Hz. The lower boundary seem to be at around 0.3 Hz, but it is less clear. Figure 4 shows another example of the ULF wave encountered by GEOTAIL during the period from 18:55 to 19:02 on October 25, 1994; there was a wave activity in a frequency range 0.3-1.1 Hz, again with a sharp upper cutoff at 1.1 Hz. The lower boundary which was higher than 0.7 Hz at the beginning of the event decreased gradually to be as low as 0.3 Hz at 18:57 in the middle of the duration of the wave activity, then it turned to increase to become higher than 1 Hz at the end of the event. The upper boundary of the frequency range remained the same. Similar feature was observed in the previous case given in Fig. 2 . Preceding the event, there is another wave activity at around 1 Hz during the period from 18:38 to 18:48. It also had upper cutoff at 1.1 Hz and similar signature in spectrum, but less clear.
The ULF waves were observed at 27 lunar radii upstream of the moon in the solar wind. The spacecraft did not enter the lunar wake itself, but was magnetically connected to the wake. Figure 5 shows the position of GEOTAIL with respect to the moon, the model lunar wake (the shaded area), and the magnetic field lines which connected the wake and the spacecraft. The position and the magnetic field are given in selenocentric solar ecliptic coordinates, and the Sun is on the left hand side of Fig. 5 . The magnetic field was stable and the average was (−5.8, 1.8, 0.7) (nT) for the period 16:45-17:00 and (−6.0, 2.6, 0.4) (nT) for 18:55-19:00. The lunar wake is modeled with a cylinder whose radius is the same as that of the moon, with an axis extending downstream by 40 lunar radii from the center of the moon in the direction of the solar wind. The magnetic field lines are linearly extrapolated to see if they intersect the model lunar wake. It should be noted that the extrapolated field lines also intersected the Earth's bow shock throughout the half-day period 12:00-24:00 of October 25, 1994 displayed. Figure 5 tells us that the magnetic field lines connected the spacecraft with the lunar wake. The magnetic connection allowed the upstream propagation of the ULF waves associated with the lunar wake. On the other hand, the magnetic connection is not the only condition for detection of the ULF wave. The magnetic field lines often connected the spacecraft with the lunar wake during the period from 12:00-24:00, but the ULF waves were detected in short, limited periods of 15, 10 or 5 minutes described above. ULF waves were often absent even when GEOTAIL was magnetically connected to the wake. The intermittent detection of the wave activity suggests that some other condition is required for the wave to be accessible from GEOTAIL. The direction of the wave normal of the 1-Hz ULF wave was calculated by minimum variance analysis (Sonnerup and Cahill, 1967 ) applied every 1 minute. As the value of midto minimum eigenvalue ratio (λ med /λ min ) was larger than 2.5, we are confident that the direction was determined with sufficient accuracy (Lepping and Behannon, 1980) . Figure 7 shows the angle between the background magnetic field and the wave number vector. During the period from 16:45 to 17:00, the angle was on average as small as 10 degrees, indicating that the wave was propagating nearly parallel to the magnetic field. The situation was the same for the other cases; the angle between the wave number vector and the background magnetic field was less than 14 degrees during the periods from 18:55 to 19:01, and from 18:38 to 18:46.
The magnetic fluctuation of the ULF wave was found to be left-hand polarized with respect to the background mag- 
Resonance Condition between the ULF Wave and Electrons

Summary of observations
The properties of the ULF waves detected by GEOTAIL upstream of the lunar wake are summarized as follows:
i) The frequency ranged from 0.3 to 1.1 Hz with sharp upper boundary.
ii) The ULF wave propagated in a direction nearly parallel to the background magnetic field. iii) The ULF wave was left-hand polarized as measured in the spacecraft frame of reference.
iv) The ULF waves were detected when GEOTAIL was magnetically connected to the lunar wake, although the wave activity often disappeared in the same configuration of the magnetic field.
v) The lower boundary of the frequency of the ULF waves was variable and it was lowest in the middle of each event.
Polarity reversal of sunward-propagating waves
The ULF wave was detected by GEOTAIL upstream from the moon only when the magnetic field connected the spacecraft and the lunar wake. It suggests that the wave was propagating away from the wake along the magnetic field line toward the Sun against the solar wind flow. As Fairfield (1974) suggested concerning the upstream wave from the bow shock, the most probable candidate for such ULF wave is the whistler mode, since it has a group velocity greater than the solar wind velocity. The whistler mode wave is right-hand polarized in the frame of the solar wind plasma, however, waves observed by a spacecraft undergo a Doppler shift to be detected at an angular frequency
by a spacecraft in a rest frame, where ω and k are the angular frequency and wave number vector in the solar wind frame of reference, respectively, and V SW is the solar wind velocity with respect to the spacecraft. The observed frequency ω O BS turns to be negative when k is in the upstream direction and |kV SW | is larger than ω, indicating that the observed polarity is reversed. For the case presently analyzed, the solar wind velocity V SW was (−501, 25, 6) (km s −1 ) and the direction of k was k |k| ∼ (0.92, −0.35, −0.13) for 16:50-16:51, thus it Table 1 . Polarization detected at GEOTAIL for combinations of polarization and orientation of k vector in solar wind frame.
In solar wind frame
In GEOTAIL frame Remark Polarization 
e : electron cycrotron frequency was possible that a right-hand wave in the solar wind frame was observed as a left-hand polarized wave in the GEOTAIL frame only if the phase speed was smaller than 470 (km s −1 ). Table 1 lists possible combinations of polarization and orientation of wave number vector k of candidate waves in the solar wind frame, together with resulting frequency ω O BS and polarization as seen from GEOTAIL. The detection of left-hand polarized wave is explained by i) sunward-propagation of right-hand polarized wave whose phase speed was lower than the solar wind velocity component along the wave vector, ii) sunward-propagation of left-hand polarized wave whose phase speed was higher than the solar wind velocity component along the wave vector, or iii) anti-sunward propagation of left-hand polarized wave.
The second candidate is improbable because no left-hand wave is allowed to exist in that frequency range. According to Eq. (1), the frequency in the solar wind frame ω = ω O BS − kV SW = ω O BS + |kV SW | becomes larger than the observed frequency ω O BS = 2.5-7.5 (rad s −1 ), which is much higher than the ion cyclotron frequency i = 0.6 (rad s −1 ) for the background field |B| ∼ 6.2 (nT) for this case. In the plasma wave theory, no left-hand polarized wave is allowed to exist in the frequency range e > ω > i .
The last candidate is inaccessible from GEOTAIL unless the wave is generated upstream of the spacecraft.
Thus the most probable explanation of the detection of left-handed wave is reversal of polarization of the sunwardpropagating waves which are right-hand polarized in the solar wind frame.
The reversal of the polarization does not occur unless the wave propagates against the solar wind. Thus the wakerelated ULF waves with left-hand polarization must be observed only in upstream of the lunar wake.
Resonance condition for electron beams
In order that the sunward-propagating wave become resonant with gyrating electrons, the electric field in the electron frame of reference must be right-hand polarized. Table 2 summarizes the resonance condition between right-hand polarized waves and electrons that can account for the left-hand polarization in the GEOTAIL frame of reference.
As recognized in Table 2 , the resonant electron beam must flow downstream in the solar wind stream. For such electrons, the resonant condition with sunward-propagating wave is
where the harmonic number n becomes positive if |kV B E AM | > |kV SW | − ω. It is easily satisfied by electrons whose speed is larger than the difference between the solar wind speed and the phase speed of the whistler mode wave. Assuming n = 1, the energy of the electron beam is obtained from
By substituting Eq. (1), we can rewrite Eq. (3) as
On the other hand, Farrell et al. (1996) suggested cycrotron resonance of whistler mode waves with reflected electrons, but the resonance condition for sunward flowing electrons with sunward-propagating wave in the solar wind frame of reference is Fig. 9 . A schematic illustration of velocity distribution function of electrons modified by the presence of the lunar wake. Low-energy components are reflected back by the potential difference at the boundary of the wake, whereas high-energy components that can overcome the potential difference pass through the lunar wake into the downstream solar wind, where they undergo resonant interaction with waves.
As evidenced by the polarity reversal, ω O BS is negative, thus n in Eq. (5) becomes negative, indicating that the wave is rotating in the opposite direction of cycrotron motion of electrons when observed from electrons moving sunward at a velocity V B E AM . That is, the reflected electrons outstrip the upstream-propagating wave and observe left-hand polarized field. Thus effective energy exchange is not expected between the sunward-propagating wave and reflected electrons propagating in sunward direction.
Anti-sunward streaming electron beams
The electron beam flowing downstream in the solar wind does not conflict with the idea of reflection of electrons at the boundary of the lunar wake. Figure 9 illustrates the idea. Low-energy components of electrons are reflected back by the potential drop at the lunar wake, and the rest components, with energies higher than that of the electric potential at the boundary of the lunar wake, penetrate through the wake into the downstream solar wind, where they are coupled with the sunward-propagating wave. The lunar wake behaves like a filter that percolates only high-energy electrons. The velocity distribution of downstream electrons would be modified to have some bump or shoulder, which is likely to cause some beam driven instability.
Resonance with whistler mode waves
The energy of resonant electrons as well as the frequency and wave number of the resonant wave are obtained from Eqs.
(1) and (3) combined with the dispersion relation for the whistler mode wave
where c is the speed of light, ω pe ≡ n e q 2 m e = 2π × 18 (kHz) is the plasma frequency deduced from the frequency of Langmuir wave detected by GEO-TAIL/PWI instrument (Matsumoto et al., 1994 , http://www.kurasc.kyoto-u.ac.jp/gtlpwi), e ≡ q B 0 m e = 2π × 174 (Hz) is the electron cyclotron frequency calculated from the mass m e of electrons, the unit charge q, and the magnitude of the background magnetic field B 0 = 6.2 (nT). The angle θ between the wave number vector k and the background magnetic field B 0 was small for the present cases. Figure 10 illustrates the dispersion curve (6) for parallel propagation θ = 0 and the condition (3) for the electron cycrotron resonance. In the ω-k diagram, Equation (3) appears as a straight line
with a negative inclination −(V B E AM cos θ ke − V SW cos θ kS ), where θ ke is the angle between the wave number vector k and the beam velocity V B E AM , and θ kS 20
• is the angle between k and the solar wind velocity V SW . As the wave number vector k was almost aligned with B 0 , the angle θ ke is thought to be small under the assumption that the electron beam was nearly aligned with the background field B 0 . The inclination of the line of Eq. (7) is negative, because V B E AM cos θ ke is supposed to be larger than V SW cos θ kS . Indeed, Farrell et al.(1996) estimated the energy of the resonant beam to be 500-1500 (eV) which corresponds to 1.3 ×10 7 -2.3 ×10 7 (m s −1 ), while V SW was 5.0 ×10 5 (m s −1 ). The inclination becomes steeper as the electron beam becomes faster.
The cyclotron resonance occurs at the intersection of the dispersion curve and the negatively-inclined straight line (7) in Fig. 10 . Around the resonant point, the group velocity
is larger than the phase velocity V ph = ω k . The resonant wave is detectable from GEOTAIL when the group velocity is fast enough to propagate upstream against the solar wind flow
and the detected polarity becomes left-hand if ω < |kV SW | , that is,
The inequality (8) gives the lower limit of ω, while the inequality (9) gives the upper limit of ω. In Fig. 10 , the resonant wave must be on the dispersion curve between the two 
which correspond to frequency of 1.4-4.7 Hz and wavelength of 100-180 (km). From the range of ω and k thus obtained, we can estimate the inclination of the line of Eq. (7) in Fig. 10 . The line of Eq. (7) connects a point (k, ω) on the dispersion curve in the range described above and the point (0, e ), the inclination of the line is obtained as 0.057c < (V B E AM cos θ ke − V SW cos θ kS ) < 0.10c, (12) which results in the energy of the resonant electron beam 1 2 mV 2 B E AM of the order of 0.82-2.5 (keV). Much faster electrons out of this range may be in resonance with whistler mode wave, but such wave cannot be detected by GEOTAIL because its group velocity is too small to propagate against the solar wind stream.
Upper boundary of the observed waves
The resonant wave should be observed at an angular frequency ω O BS determined by Eq. (1), which appears as a straight line with a positive inclination V SW cos θ kS in Fig. 10 . Figure 11 shows a close-up of Fig. 10 for the parameters observed. Because of the polarity reversal, the upper limit of the observed frequency |ω O BS | corresponds to the lower limit of ω determined by the condition (8) for the group velocity V g . By substituting ω = 0.82 × 10 −2 e and k = 9.4( e c ) into Eq. (1), the upper limit of |ω O BS | is calculated to be 1.1 Hz, which agrees with the observation.
The lower limit of ω depends only on the dispersion curve (6) and the condition (8), the upper boundary of the observed frequency |ω O BS | remains the same as far as the solar wind condition represented by e , ω pe , V SW and the angle θ kS remains unchanged. Actually the solar wind condition was almost constant as recognized in Fig. 12 . This is the reason why the upper boundary of the observed frequency ω O BS was constatnt while the lower boundary was variable.
Lower boundary of the observed waves
On the other hand, the lower limit of the observed frequency |ω O BS | was higher than that expected from the inequality (9) as recognized in Fig. 11 . The upper dashed line represents the inequality (9) which results in |ω O BS | ∼ 0, while minimum value of the observed angular frequency ω O BS(minimum) deviated significantly from 0. Rather, it is considered that the lower limit of the observed frequency |ω O BS | is controlled by the lower limit of the energy of the resonant electrons.
We can estimate the lowest energy of the resonant electrons by using the lowest frequency |ω O BS |. The light line in Fig. 11 represents Eq. (1) the lowest energy of the resonant electrons is calculated to be 0.062c, which corresponds to 0.96 (keV). At the beginning and the end of each event, the lower boundary of |ω O BS | was as high as the upper boundary. It indicates that the the lowest energy of the resonant electrons was as high as 2.5 (keV). When the lowest energy of the resonant electrons became higher than that, the resonant wave became inaccessible to GEOTAIL as the group velocity was too small to propagate upstream against the solar wind flow. This is the way how the ULF fluctuations disappeared from GEOTAIL Fig. 13 . A schematic illustration of spatial variation of potential structure of the boundary of the lunar wake (not in scale). In most parts of the wake boundary, the potential difference is large enough to reflect low-energy electrons, but in some areas, the potential drop is reduced, and some components of lower energy electrons can pass through the lunar wake and undergo resonant interaction with whistler mode waves with a group velocity large enough to propagate upstream against the solar wind. GEOTAIL detects the resonant wave intermittently, depending on which part of the wake the spacecraft was magnetically connected. the GEOTAIL observation during the period of stable solar wind. The lowest energy of the resonant electrons is thought to be equal to the potential drop of the lunar wake. That is, the potential drop was smallest in the middle of each event, and higher at the beginning and the end of the events.
Discussion
Variation in potential drop of the wake
The variation in the lower boundary of |ω O BS | is not due to variations in the solar wind parameters. A variation in solar wind speed V SW would cause variations in both upper and lower boundaries of the wave activity as reported by Farrell et al. (1996) . For the cases presently analyzed, the solar wind was actually stable (Fig. 12) and only the lower boundary of |ω O BS | varied with upper boundary unchanged. Figure 10 shows that the lower limit of the observed frequency |ω O BS | depends on the lowest energy of the resonant electrons, and thus the potential drop of the lunar wake. The fact that the lower limit of the observed frequency |ω O BS | was lowest in the middle of each event indicates that the potential drop of the lunar wake was lowest in the middle of each event. At the beginning and the end of each event, the lower limit of |ω O BS | was higher, and the potential drop was larger. It indicates that there was a spatial variation in potential structure of the lunar wake. Figure 13 illustrates the idea. On most of the wake boundary, the potential difference was large enough to reflect low-energy electrons. Only high energy components of electrons can pass through the wake and coupled with whistler mode waves at relatively smaller frequency around which the group velocity is not very fast, thus the resonant waves cannot propagate against the solar wind stream. In such areas of the wake boundary, there must be some area where the potential difference was small enough for lower energy electrons to pass through to undergo resonant interaction with whistler mode waves whose group velocity was large enough to propagate upstream of the solar wind. The orbital motion of GEOTAIL caused a change in geometry of magnetic connection to the wake; the resonant wave was observed intermittently when the spacecraft was connected to the region of reduced potential barrier.
Testing possibility of ion cyclotron resonance
In Section 3.2 we assumed that the ULF waves were righthanded whistler mode in the solar wind frame. Here we reexamine one of the other candidates. As the ULF waves were observed upstream of the Earth's bow shock, there is a possibility that ions reflected at the bow shock traveled far upstream from GEOTAIL, where they might excite waves. Ta-ble 3 summarizes the resonance condition for ion beams that can account for the left-hand polarization in the GEOTAIL frame of reference. In this case, the wave must propagate downstream in the solar wind, kV SW > 0 as summarized in Table 1 . For sunward streaming ions with a velocity V B E AM in GEOTAIL frame of reference, the resonance condition with anti-sunward propagating, left-hand polarized wave in the solar wind frame of reference is ω + |kV B E AM | + |kV SW | = n i ,
where i is the ion cyclotron frequency. By substituting Eq.
(1), Equation (13) becomes
The observed frequency was 1.1 Hz while the ion cyclotron frequency was 0.09 Hz, the number n in Eqs. (13) and (14) becomes more than 12. It is not likely that energy was effectively exchanged between waves and particles through a resonant interaction with such a large n.
On the other hand, if we think of ion beams flowing downstream, the resonant condition
can be satisfied with small n by significant velocity V B E AM of ions, but in such case, the resonant wave would be excited and propagate downstream of the bow shock, and is completely inaccessible to GEOTAIL. Thus, the left-hand polarized ULF waves as detected by GEOTAIL cannot be explained by cyclotron resonance of left-handed wave with ions reflected by the bow shock.
Summary and Conclusions
ULF waves were detected by GEOTAIL at 27 lunar radii upstream of the moon, when the spacecraft was magnetically connected with the lunar wake. The frequency ranged from 0.3 to 1.1 (Hz) with sharp upper boundary. The ULF wave was propagating in a direction nearly parallel to the background magnetic field, and was lefthand polarized as measured in the spacecraft frame of reference. The wave is explained by reversal of polarization of right-handed, sunward-propagating electron whistler waves, excited through electron-cyclotron resonance with downstream-flowing electron beams. The downstream flowing electrons result from a filtering effect of the lunar wake. Low-energy components of electrons are reflected back by the potential drop at the lunar wake, and the rest components, with energies higher than that of the electric potential at the boundary of the lunar wake, penetrate through the wake into the downstream solar wind. The velocity distribution of downstream electrons would be modified to have some bump or shoulder to form a beam, which is likely to excite whistler mode wave through cyclotron resonance. The upper limit of the observed frequency was determined from the condition that the wave can propagate upstream against the solar wind. The lower boundary of the observed frequency indicates the lowest energy of the resonant electrons which ranged from 0.96 (keV) to 2.5 (keV). The lowest energy of the resonant electrons is a measure of potential barrier at the boundary of the lunar wake. The variation in the lowest frequency suggests that there are some regions where potential drop is reduced.
